Effects of 1 MeV electron-irradiation at room temperature on the electrical properties of AlGaN/ GaN heterostructures, including leakage currents, threshold voltages, and electron traps, have been investigated using Schottky barrier diodes ͑SBDs͒ fabricated on the AlGaN. The SBDs, before and after the irradiation with a dose of 5 ϫ 10 15 cm −2 , were characterized by temperature dependent current-voltage and capacitance-voltage measurements and deep level transient spectroscopy. It is found that the irradiation causes ͑i͒ significant increase in leakage currents, dominated by tunneling conduction, at both reverse and low-forward biases; ͑ii͒ a clear negative shift in threshold voltage in the pinch-off region; and ͑iii͒ creation of traps A e ͑ϳ1.1 eV͒ or A 2 ͑1.2 eV͒ and E e ͑0.09 eV͒ in the GaN buffer and AlGaN regions. The irradiation-induced traps can be used to account for the increase in leakage currents and shift in threshold voltage. However, as compared to traps A 2 ͑1.2 eV͒ and E͑0.13 eV͒ induced in thick GaN layers by electron-irradiation, the irradiation-induced traps in the AlGaN/GaN heterostructures show some changes in activation energy and electron capture behavior.
I. INTRODUCTION
The AlGaN/GaN heterostructure field effect transistor ͑HFET͒ is considered to be the key device for the next generation of high-power and high-frequency electronics. Effect of radiation damage on device performance is a major concern for space applications of GaN-based HFETs because of high energy electron and proton exposure in the Earth's radiation belt. Several previous studies were conducted on the effects of irradiation on HFET devices. In 2004, Hu et al. 1 reported the energy dependence of proton-induced degradation and recovery of AlGaN/GaN HFETs. In 2008, Sonia et al. 2 studied the effect of 2 MeV proton-irradiation on HFETs and found that irradiation with protons up to fluences of 10 13 cm −2 did not degrade the operation of the devices. In 2007, low-energy ͑0.45 MeV͒ electron-irradiation ͑EI͒ effects on HFETs were investigated at low temperature ͑ϳ85 K͒ by McClory et al. 3 In that study, increases in the drain and gate currents and a shift in the threshold voltage found at low temperatures were discussed in terms of positive charge buildup and the trap formation in the AlGaN layer ͑or near the interface͒. EI effects can be also studied using AlGaN/GaN Schottky barrier diodes ͑SBDs͒; however, very few such works have been reported. Recently, Polyakov et al. 4 reported effects of 10 MeV EI on AlGaN/GaN and AlN/GaN heterostructures grown by molecular beam epitaxy ͑MBE͒ and found an increase in the GaN buffer resistivity due to compensation by radiation defects with levels at ϳE c − 1 eV. In this letter, we present effects of 1 MeV EI on electrical properties of AlGaN/GaN SBDs grown by metalorganic vapor phase epitaxy ͑MOVPE͒. Temperature dependent current-voltage ͑I-V͒, capacitance-voltage ͑C-V͒, and deep level transient spectroscopy ͑DLTS͒ were used to study significant EI-induced changes in leakage current, threshold voltage, and electron traps.
II. EXPERIMENTAL
The structure used in this study consisted of an AlN nucleation layer, an unintentionally doped GaN buffer layer ͑ϳ2 mm thick͒, and an unintentionally doped AlGaN layer ͑ϳ225 Å thick͒, with an Al mole fraction of 25% grown by MOVPE on a SiC substrate. ͑For details of the nucleation layer, see a study about the impact of AlN nucleation conditions on the density and character of threading dislocations emanating from the on SiC substrates. 5 ͒ It is also possible that carbon could be incorporated into the unintentionally doped GaN buffer layer, making it highly resistive, but we have no direct evidence of that fact. Schottky dots of 130 m in diameter and ring-shaped Ohmic contacts surrounding the dots were fabricated on the surface using Ni/Au and Ti/Al/Ni/Au metallizations, respectively. The region between the Schottky dot and Ohmic contact was passivated with Si 3 N 4 . Irradiation by 1 MeV electrons with a dose of 5 ϫ 10 15 cm −2 was performed at room temperature using a Van de Graaff accelerator. The C-V and DLTS measurements were conducted with an Accent DL8000 spectrometer operated at a frequency of 1 MHz for the capacitance measurements. DLTS spectra were obtained from Fourier transforms of capacitance transients as the temperature was swept from 200 to 450 K ͑using a LN 2 -cryostat͒ or from 30 to 300 K ͑using a LHe-cryostat͒. The I-V measurements were carried out with a current amplifier in the spectrometer. In the measurements of the temperature dependent I-V and C-V characteristics, the SBDs were first warmed to 450 K to avoid illumination effects from a microscope light used during sample mounting and then cooled from 450 to 100 K in 50 K steps with about 3 min cooling time between the steps.
III. RESULTS AND DISCUSSION
The I-V-T characteristics, measured at temperatures from 400 to 100 K before and after 1 MeV EI, are presented in Fig. 1 . From the I-V-T curves before EI, we see that ͑i͒ the forward currents versus bias show a good exponential relationship at low biases and can be described by thermionic emission ͑e.g., ideality factor is 1.45 and Schottky barrier height is 1.1 eV at 300 K͒; ͑ii͒ as compared to the forward currents, the reverse leakage currents are not strongly temperature dependent, indicating tunneling conduction; and ͑iii͒ the reverse currents at V R Ͻ −4 V are quite low ͑1.5 ϫ 10 −3 A / cm 2 at 400 K͒ and nearly constant due to complete pinch-off of the two-dimensional electron gas ͑2DEG͒ ͑compare Fig. 2͒ . However, from the I-V-T curves after EI, we find that ͑i͒ the EI induces a significant increase in leakage currents under both reverse and low-forward biases ͑by more than two orders at U R =−5 V͒ and ͑ii͒ the EI-induced leakage currents show strong electric-field dependence and much less temperature dependence, indicating that tunneling conduction dominates.
The mechanism responsible for leakage currents in AlGaN/GaN SBDs has been extensively investigated worldwide. Zhang et al. 6 confirmed the role of conductive dislocations in leakage currents for both GaN and AlGaN/GaN structures, grown by MBE, and suggested that the key carrier tunneling transport process is emission of electrons from a trap state near the metal-semiconductor interface into a continuum of states associated with each conductive dislocation ͑designated "dislocation model" here͒. Hashizume et al. 7 proposed a thin surface barrier ͑TSB͒ model in which the width of the Schottky barrier on GaN or AlGaN, grown by MOVPE, is reduced due to the presence of unintentional surface-defect donors, probably related to nitrogen vacancies. This model assumes that electrons can tunnel through the thin barrier in both forward and reverse directions, by thermionic field-emission or field-emission alone, depending on the temperature. In addition, Kotani et al. 8 suggested a mechanism of surface conduction in the vicinity of Schottky gates on AlGaN/GaN heterostructures since they found that the lateral surface leakage current showed two-dimensional variable-range hopping through high-density surface states on AlGaN and could be significantly reduced with SiN x passivation.
We find that defects related to nitrogen vacancies and possibly nitrogen interstitials can be produced in both GaN buffer and AlGaN cap layers, as well as on the AlGaN surface by 1 MeV EI. At present, we have no evidence for the dislocation density increasing with this EI. It seems that the TSB model is better than the dislocation model to account for the EI-induced leakage currents. The intentionally induced defects under the Schottky contact and on the surface of AlGaN can facilitate electron tunneling through the TSB, resulting in the increase in leakage current. Actually, we also observed extra leakage currents, higher than the leakage currents ͑after EI͒ shown in Fig. 1 , when the temperature was first raised from 300 to 450 K. The additional leakage currents disappeared when the temperature was reduced from 450 K and might be related to surface conduction due to adsorption.
The C-V-T characteristics before and after 1 MeV EI, measured at temperatures of 400-100 K, are shown in Fig. 2 . We observe that ͑i͒ the threshold voltage ͑V th ͒ determined from each C-V curve in the pinch-off region for the SBD, either before or after EI, increases to a less negative value as the temperature decreases from 400 to 100 K; ͑ii͒ as shown in the inset of Fig. 2 , the rate of change in V th with temperature at T Ͻ 300 K is lower before EI͑⌬V th = −0.28 mV/°C͒ than after EI͑⌬V th = −0.55 mV/°C͒; and ͑iii͒ the EI causes a negative shift in the V th 's, with a shift of Ϫ0.16 V at 300 K. Interestingly, the EI did not change the carrier concentration of the 2DEG ͑N s ͒, which is 7.5ϫ 10 19 cm −3 at 300 K ͑deter-mined from C-V͒, but produced a shift in the 2DEG peak depth by about 0.2 nm. According to Kordoš et al., 9 the threshold voltage can be described as V th = ⌽ b − ⌬E c − ͑qN tot d / 2 r 0 ͒, where ⌽ b is the barrier height, ⌬E c is the conduction band discontinuity, d is the barrier-channel distance, and r 0 is the dielectric constant. The total carrier density N tot is a sum of the densities of shallow carriers and carrier traps, N tot = N s + N t . In Ref. 9, a temperature dependence of V th from 20 to 350°C with a rate slope of ⌬V th = −1.6 mV/°C was reported for AlGaN/GaN HFETs grown on sapphire. Based on their analysis of ⌬V th , which can be expressed as ⌬V th = qN T d / 2 r 0 , and assuming that the other terms have a much weaker temperature dependence, the authors attributed the observed changes to a trap ͑ϳ0.2 eV͒ that is probably related to nitrogen vacancies near the surface of the AlGaN layer. Although the temperature range used in our study and the values of ⌬V th obtained are quite different from those reported in Ref. 9 , we believe that the temperature dependence of V th is related to the presence of surface traps in the AlGaN since the negative shift in V th and the increase in ͉⌬V th ͉ after EI can be explained by EI-enhanced N t , as described below. Figure 3 presents DLTS spectra measured as a function of filling pulse width ͑t P ͒ for the SBD before irradiation. Trap A x with activation energy of 0.9 eV is found to be the dominant trap, and trap A 1 can be observed as a hightemperature shoulder on A x . As shown in the inset, the DLTS signal of trap A x exhibits a logarithmic dependence with t P , which indicates that it is associated with extended defects, such as threading dislocations. 10, 11 In our laboratory, traps in AlGaN/GaN/SiC heterostructures, grown by MOVPE, have been previously studied, and a dominant trap A 1 ͑1.0 eV͒, associated with threading dislocations, and a smaller trap A 2 were reported. 11 Observations of different dominant traps are thought to be related to differences in the growth conditions for these heterostructures. Now, we compare DLTS results for the SBD before and after the EI. DLTS spectra at high temperatures from 200 to 450 K, measured at reverse bias of U R = −3.95 or Ϫ4.05 V and filling pulse height of U P =2 V, are shown in Fig. 4͑a͒ . Because of the shift in V th , a more negative value of V th ͑i.e., Ϫ4.05 V͒ was used for the SBD after EI. From the figure, we see that ͑i͒ before EI, there exist three traps, A x , A 1 , and A 2 ͑which become observable in the spectrum due to the use of a longer T W ͒; and ͑ii͒ after EI, there are only two traps, A x and A e . Trap A x is slightly reduced in magnitude, and it seems that the two traps A 1 and A 2 may join to form a new trap A e , with an estimated activation energy of ϳ1.1 eV. This observation differs from that of our earlier studies on GaN in which only trap A 2 increased with EI. There we reported that either 0.4 or 1 MeV EI creates a V N -related trap E͑0.16 eV͒ and another trap A 2 ͑1.2 eV͒, possibly related to N I , in thick GaN layers grown by hydride vapor phase epitaxy ͑HVPE͒. 12, 13 Recently, we have studied 0.5 MeV EI-induced deep traps in a control AlGaN/GaN SBD located about 3 mm away from the SBD mentioned above. In the control SBD, EI-induced trap A 2 can be clearly observed after consecutive EIs, as shown in Fig. 4͑b͒ . However, in this case, A 2 was found to appear on the shoulder of a negatively going DLTS signal, and thus accurate analysis is difficult. Such negatively going DLTS signals, as reported and discussed in Ref. 11, can possibly be related to holelike traps, but more study is needed on this issue. In any case, it is clear that trap A 2 can be observed in irradiated AlGaN/GaN as well as in irradiated GaN. Further study is also needed on the origin of the new trap A e .
To study the effect of EI on the shallow traps at low temperatures, we use the irradiated SBD and the control SBD. For comparison, an earlier GaN SBD fabricated on a thick HVPE-grown GaN layer and irradiated with 0.7 MeV electrons ͑using a dose of 5 ϫ 10 15 cm −2 ͒ was also used. Normalized DLTS spectra at low temperatures from 40 to 300 K, measured at U R = −4.1 or Ϫ4 V and U P = −3 V for the AlGaN/GaN SBDs in the pinch-off region and at U R = −3 V and U P = 0.4 V for the GaN SBD over the whole depletion region, are pictured in Fig. 5 . From the figure, we see that ͑i͒ trap E 1 in the control SBD is an as-grown trap in the GaN buffer layer; ͑ii͒ in the irradiated SBD, there is an EI-induced trap E e with a density of one order of magnitude higher than that of trap E 1 ; and ͑iii͒ in the irradiated GaN SBD, there are a pre-existing trap D͑0.25 eV͒ and an EIinduced trap E with a density lower than that of E e . However, when DLTS measurements were performed on the SBD with U P / U R set in two different regions, i.e., in the GaN buffer ͑or pinch-off͒ region ͑U P / U R = −3.9/ −4.2 V͒ and in part of the 2DEG region ͑U P / U R = −3.0/ −3.9 V͒, we observed trap E in the GaN buffer region and trap E e in a part of the 2DEG region ͓as shown in the inset of Fig. 5͑a͔͒ . The trap E observed in the irradiated AlGaN/GaN is quite similar to the trap E observed in irradiated GaN. As shown in Fig.  5͑b͒ , trap E e can be observed in the DLTS spectra measured at U P changing from Ϫ3 to 0.5 V, which corresponds to trap detection across the 2DEG region and near the surface of the AlGaN layer. Due to base line changes ͑possibly associated with holelike traps͒, the peak of E e was reduced as U P was increased. The results indicate that an EI-induced shallow trap E e can be created in both the 2DEG region and the AlGaN barrier layer, as well as on the surface of the heterostructure.
To compare major traps in the as-grown and irradiated AlGaN/GaN and GaN SBDs, Arrhenius plots of ln͑e n −1 V th N C ͒ for traps A 2 , A 1 , A x , E, and E e are shown in Fig. 6 . Traps A x and A 1 were measured in two as-grown AlGaN/GaN SBDs ͑one of them is used in this study͒, while traps A 2 and E were measured in the irradiated HVPE-GaN SBD, and trap E e was measured in the irradiated AlGaN/ GaN SBD. In comparison, we can see that ͑i͒ A x and A 1 have similar activation energies ͑E T = 0.9 eV versus 1.0 eV͒ and capture cross sections ͑ n = 1.9ϫ 10 −10 cm 2 versus 4.4 ϫ 10 −11 cm 2 ͒; ͑ii͒ as compared to A x or A 1 , A 2 has higher E T ͑1.2 eV͒ and smaller n ͑1.4ϫ 10 −12 cm 2 ͒; and ͑iii͒ as compared to E ͑E T = 0.13 eV and n = 1.3ϫ 10 −17 cm 2 ͒, E e has lower E T ͑0.09 eV͒ and larger n ͑3.9ϫ 10 −16 cm 2 ͒. A further difference among the three deep traps is that A x or A 1 observed in as-grown GaN or AlGaN/GaN SBDs shows an association with extended defects and less influence by EI, while A 2 , not as prevalent in as-grown SBDs, shows a clear increase in irradiated GaN or AlGaN/GaN. However, by further comparing shallow traps in the irradiated AlGaN/GaN and GaN SBDs, there are at least three differences, i.e., ͑i͒ activation energy ͑0.09 eV for E e versus 0.13 eV for E͒, ͑ii͒ production rate ͑higher in the heterostructure than in the GaN layer͒, and ͑iii͒ electron capture behavior. As to item ͑iii͒, we observe a peak shift to lower temperatures, with increasing t P from 0.3 to 30 ms, for trap E in the irradiated GaN SBD but not for trap E e in the irradiated AlGaN/GaN SBD, as shown in Fig. 7 . The peak shift with increasing t P is due to the existence of two components in trap E, with different capture cross sections, as discussed in our earlier study.
14 These differences might be related to the presence of a high electricfield in the 2DEG region of the AlGaN/GaN heterostructure.
IV. SUMMARY AND CONCLUSIONS
In summary, effects of 1 MeV EI at room temperature on the electrical properties of AlGaN/GaN heterostructures have been investigated using SBDs fabricated on AlGaN. The SBDs, before and after EI, were characterized by tempera- ture dependent I-V and C-V and DLTS measurements. It is found that the irradiation causes ͑i͒ significant increases in leakage currents, dominated by tunneling conduction, for both reverse and low-forward biases; ͑ii͒ a negative shift in threshold voltage in the pinch-off region; and ͑iii͒ the creation of traps A e ͑ϳ1.1 eV͒ or A 2 ͑1.2 eV͒ and E e ͑0.09 eV͒ in the GaN buffer and AlGaN regions. These irradiationinduced traps, especially the shallow traps, can account for the increase in leakage currents and the shift in the threshold voltage in favor of the TSB model. However, as compared to traps A 2 ͑1.2 eV͒ and E͑0.13 eV͒, induced in thick GaN layers by EI, traps A e and E e in the irradiated AlGaN/GaN heterostructures show differences in activation energy and electron capture behavior. Further study is needed to understand the origin of the new trap A e and the reasons for the strong negatively going signals in the control SBD.
